, and split applications of 0, 134, 269, 404, and 538 kg K ha -1 yr -1
, from 2014 to 2016. Two sets of controls were used, a "nutrient control" (0 P and K with supplemental rates of N and S) and a "control" (no fertilizer). Harvest timing (first or second cuts) did not influence (P ≥ 0.05) P or K removal or forage yields. For all study years, the control (no supplemental fertilizer) resulted in substantially lower (P ≤ 0.05) yields than the nutrient control, meaning yield did benefit (44 and 49% increases) from supplemental nutrient applications. Therefore, minimal P and K inputs are required for a yield response, as there were very few detectable yield increases beyond the lowest tested application rates (134 kg K ha -1 and 28 kg P ha -1
). Results indicate P and K are required in low amounts and that N is a more limiting nutrient in switchgrass forage systems on marginal soils of the southeast. the southeastern United States suggest 45 and 90 kg ha -1 of P and K (Mehlich-1 soil test), respectively, for switchgrass production only if soil tests indicate a "low" rating (Garland, 2008) . However, more precise recommendations are needed to identify break-even prices for optimum and sustainable application rates.
Switchgrass is an efficient user of soil P, with little response occurring to P fertilization, assumedly because P uptake is facilitated by root-associated mycorrhizae (Brejda, 2000; Muir et al., 2001) . Similarly, Muir et al. (2001) did not record a yield response when P was applied at 0, 10, 20, 30, and 39 kg P ha -1 to a low-P (6-8 mg P kg -1 soil) on several sites in Texas. In contrast, McKenna and Wolf (1990) documented a switchgrass response when P was applied to soils testing low (4 mg P kg -1 soil) in Virginia. Despite K being an essential macronutrient, few studies have examined switchgrass response to K fertilization alone; however, the amount of N and K uptake from soils by forage crops are reportedly very similar (Slaton et al., 2012) . Kering et al. (2013) did not report switchgrass yield responses to 68 kg K ha -1 compared with a 0 K application in Oklahoma when soil-extractable nutrients were 9, 44, and 88 kg ha -1 for N, P, and K, respectively. In the same study, no response was seen when a rate of 134 kg N ha -1 was compared with no additional N fertilizer; however, when both 68 kg K ha -1 and 134 kg N ha -1 were added, there was an increase in switchgrass biomass production. These results indicate nutrient availability may have synergistic effects on plant growth, which may be difficult to separate (Kering et al., 2013) . Therefore, it is also important to examine P and K applications separately and in different combinations, as these macronutrients may assert interrelated impacts on switchgrass growth (Kering et al., 2013) .
For these reasons, it is hypothesized that switchgrass will have little yield response to high application rates of P and K, although soil test levels of P and K may decline after multiple forage harvests at lower rates. It is also anticipated that forage composition will improve with greater nutrient applications. Therefore, objectives of this study were to test switchgrass forage yield response to P and K rates and identify resulting forage palatability impacts, as well as develop P and K fertilizer recommendations for switchgrass as a forage crop.
MATERIALS AND METHODS

Site Description
The study was conducted at the Natural Resources Conservation Service (NRCS) Plant Materials Center (PMC) in Booneville, AR, (35.08° N, -93.55° W) to evaluate switchgrass nutrient response under a bermudagrass (Cynodon dactylon L.) fertility regime. This location is situated in the karst topography region of Major Land Resource Area 118-A classified as the Arkansas Valley and Ridges, Eastern Part, in Land Resource Region "N. " Soil at this site is mainly a Leadvale silt loam (fine-silty, siliceous, semiactive, thermic Typic Fragiudults), with water movement and plant rooting being limited by a fragipan at a depth of 14 to 97 cm. In late winter and early spring, the fragipan layer severely restricts water movement in the profile, and a perched water table is common at a depth of 61 to 91 cm (USDA-NRCS, 2003) . Due to the highly weathered soils, low nutrient availability, and the presence of a restrictive horizon, this site is representative of marginal conditions where switchgrass would not compete directly with annual food crop production (McKenna and Wolf, 1990) .
This site has mean annual precipitation totaling 1065 to 1395 mm and an average annual temperature of 13 to 16°C (NOAA, 2013) . For 5 yr prior to experimentation, this site received tillage annually and was under winter wheat (Triticum aestivum L.) production; however, no synthetic N was applied during that time. Soil tests (Mehlich-3 extractable nutrients [Mehlich, 1984] , measured by inductively coupled plasma optical emission spectroscopy [ICP-OES] on an Agilent 5110 ICP-OES [Agilent Technologies, Santa Clara, CA]) were performed on samples taken per plot on October 2014, November 2015, and January 2016. All soil-extractable P and K concentrations were considered "low" for warm-season grass pastures or hay crops (Table 1) . Soil pH was determined on a 1:10 soil/water ratio using an AS3010D Dual pH Analyzer (Labfit, Burswood, Australia).
Experimental Design and Treatment Applications
This experiment utilized a two-factor, factorially arranged, randomized complete block design with four blocks. The first factor, or fertility treatment (i.e., P or K), was performed annually .5 a 0.9 bcd † Control plots received no fertilizer during the duration of the experiment. K-0 and P-0 indicates "nutrient controls" as these plots received supplemental P (240 kg P ha ), respectively, with all nutrient control plots receiving equivalent supplemental application rates of N and S. ‡ Different letters indicate a significant yield difference across years and harvest period at the P ≤ 0.05 level using LSD. § Denotes fertilizer rate in kg ha
with dependent variables (yield and forage composition) being collected twice per annum (second factor). Established switchgrass cv. Alamo plots (2.4 × 4.6 m), planted at 7 kg pure live seed ha -1 with 18-cm row spacing on 11 Apr. 2013 were used in this study. Broadleaf weeds were controlled during the establishment year by 2,4-dichlorophenoxyacetic acid at 0.42 a.i. ha . In efforts to determine the asymptote for switchgrass nutrient response, a range of nutrient rates was assessed. Five application rates of P and K fertilizer were applied to switchgrass as a hay crop on a lowfertility site. Because bermudagrass is an important livestock forage, landowners who consider planting switchgrass for hay or grazing are interested in comparing switchgrass and bermudagrass. To facilitate a comparison of nutritive requirements between bermudagrass and switchgrass, fertilizer recommendations for bermudagrass were applied to a 1-yr-old established switchgrass sward. Fertilizer P and K were applied according to soil test recommendations for optimum bermudagrass production. Rates included: 0, 28, 56, 112, and 224 kg P ha , from 2014 to 2016. In addition to the 0 rate of P applied to the P test plots and the 0 rate of K applied to the K test plots, there were also unfertilized control plots. The control plot received no fertilizer throughout the life of the study, and P and K test nutrient values remained in the low to very low categories for bermudagrass production recommendations. Mass of each fertilizer was measured the day of application to limit moisture absorbance, and was then applied to each plot by hand.
Nitrogen and K fertilizer applications occurred in split applications, the first application at green-up in the spring (approximately 10 April, or when tillers reached 15 cm prior to stem elongation). The second application occurred immediately following the first harvest (approximately 5 June, or near boot stage prior to anthesis). Nitrogen was applied in a split application as ammonium nitrate (NH 4 NO 3 ) at the rate of 240 kg N ha -1 yr -1
. Soil-extractable S, an essential plant macronutrient, was at low levels for warmseason grass production (Table 1) . Consequently, supplemental S fertilizer was applied annually at the rate of 79 kg ha -1 to all plots as a combination of ammonium nitrate with S (11% S) and Sul-Po-Mag 0-0-22 (22% K, 22% S, 11% Mg; K-Mag).
Potassium fertilizer was applied in tandem with all fertilizer applications as a combination of muriate of potash (0-0-60) and Sul-Po-Mag 0-0-22 (22% K, 22% S, 11% Mg; K-Mag). Potassium was applied in K test plots at rates of 0, 134, 269, 403, and 538 kg ha -1 . In all P plots, K was applied at a 420 kg ha -1 rate. . Phosphorus was applied to all K plots at a rate of 224 kg ha 
Data Collection
Plant response metrics included yield (harvested twice per year) and forage composition results from 2014 to 2016. First harvest dates were 3, 8, and 9 June and with second harvest dates occurring 29, 29, and 26 July in 2014 29, 29, and 26 July in , 2015 29, 29, and 26 July in , and 2016 . A 91 cm × 3 m swath was harvested from the middle of each plot to a height of 15.2 cm with a Carter (Carter Mfg Co., Brookston, IN) forage harvester. Grab samples of biomass (1-2 kg) were collected from all plots at harvest, weighed, dried at 55°C in a batch oven (Wisconsin Oven Corp., East Troy, WI) for 48 to 72 h, and re-weighed to determine moisture content. Samples were then ground through a 2-mm sieve on a Wiley mill (Thomas Scientific, Swedesboro, NJ).
Plant tissue N was analyzed by combustion (LECO CN2000, St. Joseph, MI) and divided by 6.25 to obtain crude protein (CP). Neutral detergent fiber (NDF) and acid detergent fiber (ADF) were analyzed using an Ankom 2000 Fiber Analyzer (Ankom Technol. Corp., Fairport, NY). Total digestible nutrients (TDN) were estimated using the in vitro dry matter digestibility procedure described by Goering and Van Soest (1970) using the Ankom Daisy II In Vitro Digester (Ankom Technol. Corp., Fairport, NY). Mass uptake and removal on a unit land area basis was calculated as biomass yield × nutrient concentration. Phosphorus and K contents of plant tissue were measured with an inductively coupled plasmaoptical emission spectroscopy (ICP-OES) using an Agilent 5110 ICP-OES (Agilent Technologies, Santa Clara, CA) after digestion with concentrated nitric acid and hydrogen peroxide (30%) according to the method of Zarcinas et al. (1987) .
Plant community composition (switchgrass, grass weeds [predominantly bermudagrass], and bare ground) was estimated during the final harvest (26 July 2016) using a 0.75 × 0.75 m frequency grid (Vogel and Masters, 2001 ). Four frequency counts (100 cells in total) were taken in each plot. The count was multiplied by 0.4 according to Vogel and Masters (2001) , based on a likelihood of one plant per cell to estimate plant composition per m 2 over the four blocks.
Statistical Methods
Three separate models were analyzed to elucidate the relationship between soil elemental application rates and harvest timing (fixed effects) for switchgrass productivity on marginal soils. For all models, ANOVA assumptions of normally distributed residuals (ShapiroWilk test) and homogeneity of variances (Levene' s F-test) were confirmed. When significant differences were found, pairwise posthoc comparisons of the least square means were conducted using Least Significant Difference (LSD) at P ≤ 0.05. Mean separations were performed by the SAS macro pdmix800 (Saxton, 1998 ) with Fisher' s with a Type-I error rate of 5%. Each model is described in detail below.
Dependent variables, switchgrass yield and forage palatability (i.e., ADF, NDF, CP, and TDN) were analyzed initially under a repeated measures ANOVA using PROC MIXED (SAS V9.3; SAS Institute, Cary, NC) over the 3-yr sampling period, with replicate being a random effect. Fertility treatments were all entered as fixed effects, with each harvest period being a repeated measure. For the repeated measure, an autoregressive covariance was used and the denominator degrees of freedom for the Type III F-test were adjusted with the Kenward-Roger method (Gomez et al., 2005) . However, the -2 log-likelihood did not change under the repeated-measure analysis (did not drop by at least 5 per covariance parameter) and the autoregressive correlation value (0.24) indicated a weak correlation among observations, so autoregressive covariance was dropped. Thereafter, an additional model, which was analyzed across forage harvests, was analyzed using a mixed model analysis of variance (MMAOV). In all models, fertility treatment and harvest timing was the fixed effect and year and block were entered as random effects using PROC MIXED (SAS V9.3; SAS Institute, 2009).
A multiple-polynomial regression analysis was performed to examine the relationship between P and K treatments and fertility levels (independent variables) and forage yield (dependent). Because P and K rates were variable, predictive variables for switchgrass yield in the MMAOV were analyzed individually among years and nutrient (i.e., P or K) to identify which nutrient was more limiting. Switchgrass dry matter yields per harvest event were fit to sigmoidal polynomial equations to predict which fertilizer rates result in the greatest plant response. All residuals in the aforementioned models were normally distributed (P ≥ 0.05; Shapiro-Wilk > 0.90). Asymptotes were used to determine appropriateness of low-input switchgrass hay systems. Only the controls were used in the regression analysis.
RESULTS AND DISCUSSION
Phosphorus and Potassium Influence on Soil Fertility
Overall, no soil element was impacted by nutrient × year (P ≥ 0.05); hence, data are presented across years per nutrient level and analyte (Table 1) . Across all sampling years, upper (0-10 cm) soil pH, P, K, Al, Cu, Fe, Mg, Na, and Zn were influenced by P and K fertility treatments. Overall, K treatments had greater soil test P levels (P ≤ 0.05), with the control (no supplemental rate of other limiting nutrients) not differing from P treatments. Similarly, soil K levels tended to be greater than under K treatments (Table 1) , excluding the 538 kg K ha -1 rate. At the higher K fertility rates (403 and 538 kg K ha -1 ), soil-extractable nutrients (P, K, Al, and Fe) were generally higher compared with other P and K treatments. Not surprisingly, the control had the lowest soil fertility for all tested soil nutrients, excluding that for Na and Zn; however, the 0 rate for P and K (supplemental rate of other limiting nutrients) were generally not different within their nutrient comparison (either P or K; Table 1 ). In addition, soil pH decreased under P and K fertility rates compared with the control (P ≤ 0.05), perhaps owing to the formation of acidifying species under N applications in these treatments (Table 1) .
Phosphorus and Potassium Response in a Switchgrass Hay System
For experimental years 2015 and 2016, fertility rate × nutrient (P or K) impacted (P ≤ 0.05) first and second switchgrass forage yields, as did harvest period (Table 2) . Only in 2014 and 2015 was switchgrass forage yield influenced by nutrient source (P or K), perhaps owing to nutrient buildup in soil overtime. In 2016, fertility rate × harvest timing affected (P ≤ 0.05) switchgrass forage yields. Conversely, neither nutrient × harvest timing for all years, nor nutrient source × rate in 2014 and 2015, influence switchgrass forage yield (P ≥ 0.05).
When compared across all fertilizer levels between nutrients (P and K), yields were not different (P ≥ 0.05). Within years, for 2014, greatest yields (8.2 Mg ha -1 ) occurred for the 56 kg P ha -1 rate, which was not significantly different from any other P rate (or the 0 kg P ha -1 ), or the 269 kg K ha -1 application (Table 3) . Similarly, reports by Taylor and Allison (1982) indicate greater switchgrass yield response to P rather than K on five fine sandy loams in Canada. However, few differences were detected for 2015 and 2016 in this study, albeit in 2016 greatest yields (8.5 Mg ha -1 ) occurred under the 112 kg P ha -1 rate. For all study years, the control (no supplemental fertilizer) treatment resulted in substantially lower (P ≤ 0.05) yields than the 0 kg P and K ha -1 application, meaning that yield did benefit (44 and 49% increases) from the supplemental S and N applications. Therefore, minimal P and K inputs are required for a yield response, as beyond the lowest tested application rates (134 kg K ha -1 and 28 kg P ha -1 ) there were very few detectable yield increases. These results indicate that P and K are required in low amounts and that N is far more a limiting nutrient in switchgrass forage systems on marginal soils of the southeast. In a similar report, switchgrass receiving combinations of N, P, and K in the two-cut system produced greater amounts of dry matter rather than sole elements (Kering et al., 2013) . Therefore, under low plant-available K, there was no yield response to K or N fertility when applied alone; however, there was a response to N and K when applied in tandem, suggesting proper nutrient management for switchgrass includes combinations of P and K, along with N (Kering et al., 2013) .
A sigmoidal growth function was fit to describe nutrient response trends for each year and element (Fig. 1) . In the regression model for the two harvest systems, P and K fertility was positively related to yield P-224 7.9 ab 9.4 ab 7.8 abc † Control plots received no fertilizer during the duration of the experiment. K-0 and P-0 indicate "nutrient controls" as these plots received supplemental P (240 kg P ha ), respectively, with all nutrient control plots receiving equivalent supplemental application rates of N and S. ‡ Different letters indicate a significant yield difference within years and across harvest period at the P ≤ 0.05 level using LSD. § Denotes fertilizer rate of kg ha up to a threshold, as 85 to 89% of yield differences were explained by fertility rate, showing that the relationships held true across years (R 2 = 0.85-0.89). Also, in general, yield plateaued at about 100 kg K ha -1 and 50 kg P ha
, indicating a point of diminishing returns beyond this threshold (Fig. 1A, 1B) . This nonlinear response to P and K is counter to previous studies, which reported linear switchgrass yield responses to fertilizer, although their tested rates were substantially lower than those in this study (i.e., upper limit was 34 kg P ha -1
; Rehm et al., 1976) . Consequently, switchgrass requires low levels of P and K in a two-cut forage system, even on low P and K test level soils, particularly when compared with other warm-season grasses in Arkansas (Slaton et al., 2012) . Bermudagrass fertility studies have reported yield responses under 615 kg K ha -1 in a three-harvest system, suggesting a more linear nutrient response compared with low-input native systems.
Nutrient Removal Based on Fertility Applications
Phosphorus and K uptake and removal varied (P ≤ 0.05) based on rate × nutrient interactions per year ( Fig. 2A) , whereas harvest timing (first or second harvest) tended to not affect (P ≥ 0.05) removal rates. Specifically, greatest P removal tended to occur under higher K (>134 kg ha -1
) and the 112 and 224 kg P ha -1 applications. Although, in 2016, greatest P removal occurred under the 269 and 403 kg K ha -1 (Fig. 2A) . Therefore, in low-input management systems, 1 to 5 kg P ha -1 and 5 to 29 kg K ha -1 should be applied per year to prevent soil P and K mining.
Potassium removal results were also somewhat counter to expectations in that highest removal rates occurred under high P applications (i.e., 112 and 224 kg P ha -1
; Fig. 2B ). However, again, this was likely due to a high supplemental K application to all P treatments (i.e., 420 kg K ha -1 ). Potassium uptake and removal was also high under the 269 and 403 kg K ha -1 application for all years, likely owing to greater yields exporting more nutrients in harvested biomass. The P and K removal rates for both P and K treatments resulted in substantially less (51 and 11%, respectively) uptake than the 0 P and K applications, likely owing to the supplemental fertilizer improving yields and thus increasing nutrient export in harvested biomass. However, such nutrients are major constituents of ash and may reduce digestibility for ruminants.
When averaged across all years, P removal was greatest under greater K applications (269 and 403 kg K ha -1 ; data not shown), which did not differ from the greatest P application (224 kg P ha -1 ) or the 134 kg K ha -1 rate. Similarly, across years, K removal was greatest under upper application rates of P (112, 224, and 56 kg P ha ; data not shown).
Forage Compositional Impacts from Phosphorus and Potassium Fertilizer
In general, as N fertility increases, forage composition is thought to improve both in terms of palatability and tissue nutrient content; however, less information on forage palatability is known for native warm-season grasses under varying P and K fertility. Somewhat surprisingly, few differences were observed for CP, ADF, NDF, and TDN across P and K applications (Table 4) . Only in 2016 was forage palatability improved based on fertilizer applications. Specifically, CP was greatest for the 224 kg P ha -1 and 134 kg K ha -1 rates (10.4 and 10.0%, respectively), and lowest for the 0 kg K ha -1 application (P ≤ 0.05). Acid detergent fiber was improved by the addition of P (i.e., 224 kg P ha -1 ) and K (i.e., 269 and 134 kg K ha -1 ), indicating that energy content in plant tissue increased under these fertility regimes ( Table 4 ). Similar to CP, greater P rates (112 kg P ha -1 ) resulted in the greater ADF (37.3%), whereas NDF did not differ, suggesting greater intake and digestibility of switchgrass did not occur under all fertility treatments. Economic analyses are needed to determine if the added P and K fertilizer results in forage compositional and quantity payoffs.
Terminal Plant Community Composition Based on Soil Fertility
Previous work has observed reductions in switchgrass stand vigor and reduced yields after two or more forage harvests within a year, particularly on stands less than 2 yr old (Monti et al., 2008; Ashworth et al., 2013) . Similarly, in this study, switchgrass community composition varied at the end of the experiment based on fertility treatment (P ≤ 0.05). Lowest switchgrass composition tended to occur under the higher fertility applications (i.e., 538 kg K ha -1 ) compared with the 0 P and K kg ha -1 applications (Fig. 3) . Consequently, grass-weed composition was highest for the 538 kg K ha -1 and the 56 kg P ha
rates. This was likely because of continued growing-point removal, diminishing carbohydrate reserves and potential acidification from continued fertilizer applications (Thomason et al., 2005) . Therefore, bermudagrass is able to outcompete switchgrass under greater soil fertility when switchgrass community composition is weakened under multiple annual forage harvests (Fig. 3) . Consequently, it is widely thought that switchgrass botanical composition is affected under higher application rates of fertility, perhaps owing to the production of acidifying species, or more competitive warm-season grass species being able to fill the higher-fertility niche.
CONCLUSIONS
A sigmoidal growth function was fit to describe nutrient response trends for each year and element and in general, yield plateaued at or below 100 kg K ha -1 and 50 kg P ha
, indicating a point of diminishing returns beyond this threshold for switchgrass .7 a † Different letters indicate a significant yield difference within years and across harvest period at the P ≤ 0.05 level using LSD. ‡ Denotes amended P and K levels per soil test levels the following year on a per-treatment basis. forage producers. Consequently, switchgrass requires low levels of P and K in a two-cut forage system, even on low P and K test level soils, particularly when compared to other warm-season grasses, such as bermudagrass. In addition, there were limited forage palatability gains from the addition of P and K fertilizers. Economic analyses are needed to determine if the added P and K fertilizer results in forage quality and quantity payoffs for optimized agroecosystem sustainability.
Greatest P removal tended to occur under higher K fertilizer rates (>134 kg ha -1
) and the 112 and 224 kg P ha -1 applications, with K removal also peaking under P applications. For all study years, the control (no supplemental fertilizer) resulted in substantially lower yields than the supplemental S and N treatments in the P and K studies (44 and 49% decreases, respectively). Therefore, minimal P and K inputs are required for switchgrass forage response, as there were very few detectable yield increases beyond the lowest tested application rates (134 kg K ha -1 and 28 kg P ha -1
). These results also indicate that P and K are required in low amounts and that N is the more limiting nutrient in switchgrass forage systems on marginal soils of the southeast.
